ABSTRACT Models were presented that describe the attraction and killing at toxic baits or traps of adult males and females of an insect pest species. These models were used to test the effects of the following factors on ease of control: female monogamy versus polygamy, attraction of only males versus both sexes, initiating mating before versus after responding to baits/traps, the ability of males to mate many times each day versus only once per day, and the existence of a time lag of several days before females can mate versus mating immediately after emergence. The models indicated that mating before trapping or the ability of males to mate many times each day will probably render this control method ineffective. The other factors tested (mating habit and speciÞcs of attraction) had little effect on the efÞciency of trapping males as a control method. We then included age structure and a refractory period for virgin females before they can mate. The models were then made speciÞc to Bactrocera dorsalis (Hendel) (Diptera: Tephritidae) by using parameter values derived from the literature. The results of the models imply that the attraction and killing of large numbers of males is rather ineffective to suppress populations. However, the combination of attracting both males and females can be more effective than attracting either sex alone. The increased attraction of females to methyl eugenol baits that has been observed with the declining presence of males during Male Annihilation Technique campaigns may explain the reported effectiveness against invasive Bactrocera pest species.
Methyl eugenol (ME) is a powerful attractant for males of many tropical tephritid fruit ßy species (Drew 1974 (Drew , 1989 White and ElsonÐHarris 1992; Tan and Nishida 2012) . This strong attractant, also called parapheromone (i.e., a chemical that behaves like a pheromone by attracting one sex, but is not produced by the insects themselves; Cunningham 1989a), has been used since the 1950s for purposes of monitoring and control Lee 1955, Cunningham and Suda 1986) . Nevertheless, as even a few surviving multiple-mating males can fertilize many females, the real damage caused by ovipositing females is not signiÞcantly reduced unless ME baits or traps are systematically applied at a larger operational scale. Only such an approach on an area-wide basis will eliminate most males to be able to deprive females of mates and thus reduce fruit infestation , Cunningham 1989b . This Male Annihilation Technique (MAT) has been used to suppress (Balasubramaniam et al. 1972 , Qureshi et al. 1981 , Vargas et al. 2010 or even to eradicate established populations of ME-responding fruit ßies of economic importance (Steiner et al. 1965 , Ushio et al. 1982 , Koyama et al. 1984 , Cunningham 1989b , Anonymous 1991 , Nakamori et al. 1991 , Malavasi et al. 2000 . It is also routinely used to eliminate at an early stage, the recurring incipient outbreaks of introduced Bactrocera spp. ßies into mainland United States (Cunningham and Suda 1985) and also in Australia, Japan, and elsewhere (Hancock et al. 2000 , Seewooruthun et al. 2000 , Ohno et al. 2009 ). In northÐ eastern Brazil, along the border with French Guyana, Bactrocera carambolae (Drew and Hancock 1994) containment efforts by MAT continue on a permanent basis to prevent establishment of this pest (Godoy 2006) . Permanent containment efforts are also ongoing in Israel at the border with Gaza and Egypt to prevent establishment of Bactrocera zonata (Saunders) and in northern South Africa (Manrakhan et al. 2012 ) near Zimbabwe to prevent the establishment of Bactrocera invadens (Drew et al. 2005) .
Relevant previous modeling focused on the inherent density dependence of male annihilation by using pheromone attractants (MAT; Barclay and van den Driessche 1983) and mass trapping (Barclay 1984) . In addition, Itô et al. (1989) developed a MAT model and Horng and Plant (1993) simulated the lek mating system and its impact on MAT. Here we investigate the area-wide implementation of MAT by using ME as the sole suppression measure for the control of a hypothetical ME-responding pest species.
We then make the parameter values speciÞc to Bactrocera dorsalis (Hendel) . This is part one of a larger study, with part two (Barclay et al. 2014 ) studying the simultaneous application of MAT and sterile releases.
The Models and Results
All the models contained in this article have daily reproduction and most involve capture at ME baits/ traps. Most also involve, and rely on, a limitation on how often males can mate in a given period; most of the models assume that males can mate once per day, and will mate whenever the opportunity exists.
Males Can Mate Unlimited Times Each Day
A model in which adult insects are attracted daily by food, other odors, or other sources of attraction at baits/ traps was presented by Barclay (1987) ; when the insects feed on toxic bait or are caught in traps, they are killed. This model assumes that capture occurs before mating and that males are capable of unlimited mating frequency, and that all virgin females mate on their Þrst day.
where F t , V t , and M t are the numbers of adult mated (i.e., fertilized) females, virgin females, and males, respectively, at time t; s and a are daily survivorship and fertility, respectively, and k is the developmental period in days from oviposition to adult emergence. Further, the fertility, a, is assumed to include preadult survivorship. Age classes are not explicitly modeled, but both F and M are assumed to contain potentially an inÞnite number of adult age classes, with all but the Þrst few being close to zero. In addition, y and z are proportions representing the daily survivorships of mated and virgin females (y), and of males (z), after some of them visit the baits or traps; therefore, y and z are the proportions of those population components that do not visit and die at the baits/traps each day. This model has one positive equilibrium conÞguration of sizes of the three components (F, V, and M), and it is obtained by dropping time subscripts and solving the resulting three simultaneous equations; the equilibrium is neutrally stable. The value of y that will achieve this equilibrium (called the critical value of y, y*) is given by:
y* ϭ 1/s(a ϩ 1) [2] Note that z does not enter into this condition, meaning that z has no effect on the female equilibrium, but only on that of the males. If y Ͻ y*, then the population collapses, whereas if y Ͼ y*, the population grows in an unlimited manner. If males can always inseminate all the virgin females, regardless of their relative numbers, then z has no effect, except on the size of the male population relative to the females when at equilibrium, and the population cannot be controlled by deployment of baits/traps if only males are attracted. Also, if males can always inseminate all females, then the distinction between monogamy and polygamy disappears in this context.
Males Limited to One Mating Per Day
In reality, males are limited in their mating frequency and may have either an extended period of mating with one female or a refractory period after mating before they can mate again. Here we present a modiÞcation of the aforementioned model by using ME as bait. We treat the cases in which only males are attracted, as well as when both sexes are attracted to the ME baits/traps. In Bactrocera spp., females are attracted in reduced proportion to males (Shelly 2010) . We also treat the cases in which females are monogamous and also in which females are polygamous; although males of Bactrocera spp. are polygamous, remating in females that have already mated is infrequent. If males can mate only once per day because of the short courtship period and long mating time in these species, then there is the possibility of restricting mating of virgin females by reducing males in sufÞcient numbers through baiting/trapping such that not all available females will become mated on a given day. If both sexes are trapped, it is more difÞcult for males to limit female mating, because there are fewer females, but fewer females will lay fewer eggs, so there is some compensation. The parent model here is that in Equation 1 with y ϭ z ϭ 1.0.
If males can mate only once per day, then there will be several sets of equations, depending on whether females are monogamous or polygamous, whether only males or both sexes are attracted to the baits/ traps, whether trapping occurs before or after mating, and whether males outnumber receptive females at mating time or whether they are outnumbered by receptive females. Whether males outnumber receptive females will depend on the relative susceptibilities to capture at baits/traps of the different population components as well as the timing of visiting the baits/ traps. If males visit and are killed at baits/traps before mating, then it is possible that receptive females outnumber males at mating time (male deÞcit). If males mate Þrst and then visit the baits/traps, males will probably outnumber receptive virgin females at mating time (male excess), as the rates of recruitment of both are identical unless the sex ratio at adult emergence is different from one-to-one. Here we assume that virgin females and mated females are equally attracted to baits/traps, at a daily rate of 1 Ϫ y. We will treat the two conditions in which attraction to the baits/traps occurs before mating so that receptive females outnumber males, and also in which attraction occurs after mating, so that at mating, males outnumber receptive females. In addition, we will assume that all virgins will mate as soon as they have the opportunity (day 1 if males are in excess of receptive females).
Female Monogamy. Here we assume that only virgin females mate and that mated females will not remate.
Only Males Are Attracted to the Baits/Traps.
1. Trapping before mating (male deÞcit): The equations for this case are shown in Table 1 . The condition for a positive equilibrium to exist is that:
whereas F is undetermined. This equilibrium is neutrally stable because if each of the population components (V, F, and M) was multiplied by the same positive factor, the equilibrium would persist but the population would not return to its previous size. The equations for F and M can be solved simultaneously at equilibrium to yield a critical value for z, z*, of:
This value of z, called the critical value (z*), separates success from failure and is the upper limit on the proportion of males that does not have to die at baits/traps every day to control the population. In this case, males have to be fewer than virgin females at equilibrium for the control method to have any effect, so there is only one set of equations representing male deÞcit. If z Ͻ z*, then the population will go extinct; if z Ͼ z*, then unlimited population increase occurs. If males are in excess of virgin females, then all the virgins become mated and no control is imposed on the population. 2. Trapping after mating: In this case, all males that have emerged on any given day are available for mating, and because the numbers of males and females emerging are the same (unless the sex ratio is not one-to-one), then all virgins become mated and no control is possible. The equations for this case are the same as those in Equation 1 with y ϭ 1.
Males and Females Attracted to the Baits/Traps.
1. Trapping before mating: In this case, there is the possibility that males could be either in excess (i.e., males Ͼ virgin females) or deÞcit (i.e., virgin females Ͼ males) and still control the population by means of trapping of females. The equations for both cases are given in Table 1 .
If males are fewer in number than virgin females, then the condition for an equilibrium to exist is that asz ϭ (1 Ϫ sz) (1 Ϫ sy) and the equilibrium is:
This yields a critical value for z of:
The relationship between z and y at equilibrium is shown in Fig. 1A ; there is an almost linear relationship between male and female trapping survivorship such that the two do not interact much and are almost additive. If males are in excess of virgin females because of the trapping of females, all virgin females become mated and the equations are the same as in Equation 1, and the baiting/trapping of males does not assist the control program.
2. Trapping after mating: In this case, all the virgins are mated, as the trapping has not yet been effective when they mate, so that the critical trapping rate is the same as that given in Equation 2: y* ϭ 1/s(a ϩ 1), so that killing males does not assist the control program and simply reduces the male population, but not enough to be of any control value.
Separating the Two Cases of Male Deficit and Male Excess. We need a way to determine if receptive females outnumber males or if males outnumber receptive females to know how small z must be before any control is imposed. This can be found by substituting y ϭ 1/s(a ϩ 1) into Equation 4, by using equilibrium values. Simplifying, the value of z for which, at equilibrium, males are equal in number to virgin females (this value of z is called the separatrix, separating male excess from male deÞcit that separates the validity of the two sets of equations) is z e :
This value is independent of either V or M and assumes that y is at the critical value, y*. If z is less than the critical value, z*, then the population will be driven to extinction. Also, if z Ͻ z e , then neither female 
Only males attracted to traps: female polygamy Female monogamy
If only males are attracted to the traps, then males are in deÞcit, limiting female mating. The terms zM t /V t and zM t /(V t ϩ F t ) represent the proportion of females that mate on day t because of male limitation. nor male capture needs to be as efÞcient as either one acting in isolation. It can be shown that z e , Ͼ z* if as Ͼ 1 Ϫ s. However, it can also be shown that as must be Ͼ1 Ϫ s for the population to survive without control, so that the inequality z e Ͼ z* is satisÞed as a result of biological requirements.
Equation 5 can also be derived by letting yV ϭ zM and letting y ϭ 1/s(a ϩ 1) and then solving for z. As both males and females visit the baits/traps before mating, the numbers at mating are reduced from V to yV and M to zM for females and males, respectively. If z Ͼ 1/s(a ϩ 2), then males play no part in controlling the population. If z Ͻ 1/s(a ϩ 2), then the trapping of females does not need to be as intense as if males were not being trapped (Fig. 1A) .
Female Polygamy. Here we assume that both virgin and mated females will mate daily whenever the opportunity exists.
Only Males Attracted to the Baits/Traps.
1. Trapping before mating: The equations are shown in Table 1 . There is a neutrally stable equilibrium at V ϭ aF(1 Ϫ sz)/(1 Ϫ s); M ϭ aF/(1 Ϫ sz), and this yields a critical value for z of:
which is only slightly larger than with female monogamy, as virgin females are competing with remating females for males; thus, control is slightly easier if females are polygamous. 2. Trapping after mating: Contrary to the situation with female monogamy, there appears to be a possibility that males may be fewer than virgin and mated females combined, even if trapping occurs after mating. This leads to the equations shown in Table 1 , and there is a neutrally stable equilibrium at V ϭ aF
If males are to be less than females (all females, as they are polygamous), then M Ͻ V ϩ F, which can be written as aF/(1 Ϫ sz) Ͻ aF/(1 Ϫ s), which reduces to sz Ͻ s, and this is always true for positive M, V, F, s, and z (Ͻ1). Thus, in the case of female polygamy, capturing only males might yield control when trapping occurs before mating. However, the value of the critical rate for z is:
and this is only positive for as
, we note that the system is only viable for as Ͼ 1 Ϫ s, so that this critical control rate requires that
, which is a range not likely ever to be encountered in nature, as with those parameter values the population would be on the brink of collapse even without control.
1. Trapping before mating: For male deÞcit, we have the equations shown in Table 1 , and yield a critical value for z of:
The relationship between z* and y is shown in Fig. 1B . For male excess, we have the same equations as in Equation 1, and the capture of males has no effect on control. 2. Trapping after mating: Here again, males can be either greater or less in number than females, because both sexes are being trapped and all females are receptive to mating.
The case of male deÞcit is shown in Table 1 and yields a neutrally stable equilibrium at:
The critical value of z is at:
which is positive for asy Ͻ (1 ϩ sy) (1 Ϫ sy), which again is satisÞed for only a relatively narrow interval Fig. 1 . Isoclines of capture levels of males and females at methyl eugenol (ME) baits/traps that will result in population elimination, assuming that a proportion of the females are attracted to such baits/traps and that receptive females outnumber males. The curves show the interaction between the survivorships of males (z) and females (y), that is, proportions of their populations that do not have to visit and die at the baits/traps each day to achieve population elimination. With some female attraction to the baits/traps, the required capture rate for elimination of the population is uniformly less than with male attraction alone. Parameters a and s are mean daily fertility, prorated by the preadult survivorship, and daily survivorship of adults, respectively. (A): Females are monogamous; (B): Females are polygamous.
above y* ϭ 1/s(a ϩ 1), the critical value when attracting and killing only females. Thus, control by using ME baits/traps is compatible with trapping after mating for a restricted range of control parameters, which requires that the attraction of females to the ME sources is fairly effective. The case of male excess does not yield control.
Separating the Two Cases of Male Deficit and Male Excess. The equations for male deÞcit above imply that M ϭ aF/(1-sz) and F ϩ V ϭ aF/(1 Ϫ sy). Equating these two gives z ϭ y ϭ 1/s(a ϩ 1), and this is the smallest value of trapping for which trapping of males contributes to population control. Thus, the separatrix is given by z e : z e ϭ y* ϭ 1/s(a ϩ 1)
[10]
as in Equation 2. Thus, the trapping of females must be sufÞcient to eliminate the population alone in the equilibrium situation. In the transient situation, both males and females may contribute to population control or elimination by imposing excess mortality over that required for an equilibrium to be maintained. Some Mating Occurs Before Capture of Males and Some After. This situation may approximate reality, as it seems likely that some mating and trapping may occur together, as mating normally occurs at dusk, although most male trapping occurs throughout the day before mating. In this case, there will be a mixture of the equations shown in Table 1 and Equation 1. Assume that a proportion q of the (1 Ϫ z)M males that visit the baits/traps will mate before being attracted to these ME sources, whereas a proportion (1 Ϫ q) visit the baits/ traps without mating. Then a mixture of the two models will apply. The equations for male monogamy and attraction of only males to baits/traps are shown in Table  2 . The critical value of z at equilibrium, z*, is given by:
Then the largest value of q (q m ) compatible with control is when z ϭ 0 (i.e., all males are attracted and killed each day). Equation 11 can be solved for q,
, and then the maximum value of q is given by:
In a numerical example using a ϭ 10 and s ϭ 0.9, we Þnd that q* ϭ 0.1/9.0 Ϸ 0.011. This is identical to three decimals with the value of z* (when q ϭ 0) given previously. Figure 2A shows the interaction between q (proportion mating before attraction/capture of males at baits/traps) and z (survival of males after baiting/trapping) for four values of the trapping of females when females are monogamous; Fig. 2B shows the same interaction for the case of female polygamy.
The four values of trapping of females are: 1) none, 2) one-third of the difference between 1.0 and the critical value (y*), 3) two-thirds of the difference between 1.0 and the critical value (y*), and the critical value, y*. It is clear that if both factors are operating, the constraints on the control system are more stringent than if all baiting/trapping occurs before mating. This shows that for ME baits/traps to be effective in controlling an insect population, the rate of attraction and kill must be considerable, and if more than a few males mate before visiting the ME sources, the method appears likely to fail. However, if females are also attracted and killed, the situation is more optimistic. In fact, this appears to occur and can be signiÞcantÑit is the so-called "pseudomale" response by females when males are rare and females are old and virgin (see Nakagawa et al. (1970) and McInnis et al. (1994) for Ceratitis capitata Wied. with the male lure trimedlure; unpublished Þeld observations (Cunningham, McInnis, and others) for B. dorsalis with ME; and Þeld cage studies (Bull 2010) for Bactrocera tryoni Froggatt). Thus, perhaps, if ME could be used in conjunction with a female lure, attraction could be enhanced and MAT control may be more feasible. The other three aforementioned models yield similar results for mixed order of trapping and mating, 
Virgin females cannot mate immediately on adult emergenceÑFemale monogamy Attraction of only males; male deÞcit
Attraction of both males and females
Male deÞcit
Three special cases are modeled: 1) some males mate before trapping and some after trapping, 2) males can mate multiple times per day, 3) virgin females require a maturation time before mating. and the equations for the critical male trapping rates are shown in Table 3 .
Some Males Escape Attraction
A proportion of males may not be attracted to ME, have fed already on a natural ME source, or were attracted but somehow were not captured at ME sources, thus escaping being killed. This is similar to the situation in which some males mate before being attracted to the traps inasmuch as they get to mate before dying. In terms of the model, the two are identical, except for the fact that males that escape being killed survive until they die naturally, but having mated, this does not affect the female fecundity much differently from male mating before visiting ME baits/ traps.
Males Capable of Multiple Matings Per Day
As previously shown, if males have unlimited male mating capability and can always inseminate all the receptive females, the population cannot be controlled by deployment of ME baits/traps unless females are also captured and killed. Now assume that each male is capable of mating n times per day. In that case, the Þrst set of equations in Table 1 can be modiÞed to include the fact that each male can mate with n females, so that the fraction that males represent of the total virgin female population becomes nzM i /V i because each male here is worth n males that can only mate once per day. The condition for an equilibrium to exist is that asnz ϭ (1 Ϫ sz) (1 Ϫ s) and it given by
The critical value of z, z*, is given by:
Comparing this with the case where n ϭ 1, we note that the critical value for z is a much lower value here, as n is in the denominator (in most cases, Ϸ1/n times the value of z* with n ϭ 1). Thus, to achieve control, male capture survivorship must be much less if males are capable of multiple matings each day, compared with males mating only once each day. In this case, the capture of females is made even more desirable.
Virgin Females Cannot Mate Immediately on Adult Emergence
In some species, a period of maturation including nutritional feeding must occur before virgin females can mate and lay eggs or before males can mate. This Fig. 2 . Isoclines of capture levels of males at ME baits/traps that will result in population elimination when a proportion, q, of insects that visit the traps mate before visiting the traps and 1 Ϫ q that visit the traps without mating. (A): Females are monogamous; (B): Females are polygamous. The four lines in each panel represent 1) y ϭ 1.0, so that there is no female attraction to the baits/traps (full female survival); 2) y ϭ 0.67(1.0 Ϫ y*) ϩ y*; 3) y ϭ 0.33(1.0 Ϫ y*) ϩ y*; and 4) y ϭ y*, the critical value of female survivorship to achieve eradication. Table 3 . Models showing the four combinations of 1) female monogamy versus polygamy, and 2) the trapping of only males ("Trap Males") versus the trapping of both males at a rate (1 ؊ z) and females at a rate (1
The critical survivorship (z*) is shown as well as the survivorship (z e ) that causes males to be equal to available females at equilibrium and the maximum proportion of cases (q m ) in which mating occurs before capture for control to be possible. The two cases of trapping only males do not yield any values for which males equal available females at equilibrium, as the males must be less than the available females at equilibrium.
can be modeled by introducing a time lag into Equation 1, with y ϭ z ϭ 1.0, such that the virgin females of age will mate if males are available. The parent model with no trapping then becomes:
For this model, population persistence requires that as Ͼ 1 Ϫ s. We Þrst consider the case of female monogamy and attraction of only males to the baits/traps and extend them to include delayed mating. This is a male deÞcit case because male excess cannot control the population when females are not attracted to the traps. The equations are shown in Table 2 , and the equilibrium equations for F and M together yield the critical value of z, z*, for control:
the same as with no delay (Equation 3) in mating.
For the case of attraction of both males and females to baits/traps, we have the two possibilities: male excess or male deÞcit. The equations for male excess at equilibrium are also shown in Table 2 and give the equilibrium conditions: V ϩ F ϭ aF/(1 Ϫ sy).
From the equation for F we get (1 Ϫ sy) ϭ a (sy)
giving:
Thus, male trapping plays no part in control of the population if males are in excess of receptive females. When ϭ 1, we have the Equation 1, and Equation 15 reduces to y* ϭ 1/s(a ϩ 1), as previously. In general, this model is not analytically solvable for y for time lags Ͼ2 d. Figure 3 shows that critical survivorship from trapping increases with the delay in mating, indicating that control becomes easier as the delay in mating becomes longer. Also, we can solve for the value of z at which males equals receptive females. It is found by equating zM and y(sy)
We can see that when ϭ 1 and y ϭ y*, we get z e ϭ 1/s(aϩ2), as aforementioned. For male deÞcit, we get the equations shown in Table 2 , and from the second two equations we obtain the critical value of z, z*, of:
which is the same as with only a time lag of 1 day. This illustrates the fact that a Þxed amount of male mortality is required to bring the population to its unstable equilibrium, whether female mating is delayed or not. The minimum value of survivorship required to allow the population to survive is given by (s Ϫ 1 ϭ (1 Ϫ s)/as), whereas Equation 17 gives the amount of survivorship after trapping to achieve the equilibrium. As increases, eventually a value is reached at which the responding female population is reduced to the same size as the male population required for control.
The two cases for female polygamy are somewhat more complicated, but the critical values of z are:
for the attraction of both sexes, and the same equation with y ϭ 1 for the attraction of only males. In summary, a time lag in female mating assists control by trapping females but has little or no effect on control by trapping of males. This presumably reßects the need to reduce the males to a level that will reduce reproducing females to a degree that will not allow one-for-one replacement of individuals in the population, and this level (of males) will not depend on how many females die from other causes before mating; the critical level is determined by the available males, not by the various causes of death of the females that do not get to reproduce successfully. This model is further developed in the age-structured model later in the text.
Conclusions From the Simple Models
Referring to Table 3 and Fig. 1 , it is seen that the trapping of both sexes is more efÞcient than trapping only males. This is because the critical value of male survivorship for control (z*) can be greater when also some females are captured than when only males are trapped. Also, the technique works somewhat more effectively on species in which females are polygamous than on monogamous species, as virgin and remating females have to compete for the declining number of males. In addition, the constraints on whether male trapping occurs before or after mating are less stringent when females are also trapped and are polygamous. Thus, species that are polygamous and in which females respond to ME are most amenable to being controlled by ME trapping. If female mating is delayed as a result of required maturation, then reduction of the male population to the smaller receptive female cohort will be even more difÞcult than if mating is immediate on adult emergence; however, control by attraction of females becomes easier as a result of the delay in mating, because natural mortality during the maturation period reduces the size of the female population, and thus effectively also the total fertility rate. Nevertheless, the success of this control method depends on there being little mating before trapping each day. Most of the models indicate that mating before trapping will probably render this control method ineffective.
An Age-Structured Version of the Model
Virgin Bactrocera females are anautogenous, requiring protein before they become receptive to mating, and this requires some time to obtain (Drew and Yuval 2000) . To accommodate this feature easily, we need an age-structured model in which at least the virgin females need to be tallied by age class until an appropriate time has elapsed for them to acquire protein and become receptive. B. dorsalis females from strains that have been, for generations, under mass-rearing conditions in the laboratory require about 6 d after emergence before they are receptive to mating, and this is under ideal nutritional and temperature conditions (Vargas et al. 1984) ; in the wild, virgin females may sometimes require up to 29 d for sexual maturation. This allows much more mortality to occur than if they were immediately receptive on emergence. The agestructured equations for the preadult and adult stages are shown in Table 4 . These equations are entirely density-independent. They allow for age-dependent survivorship of larvae and pupae and age-dependent fecundity and survivorship of adults. In their fully dynamic form, they are cumbersome and have too many parameter values to easily deal with. We will develop the equations in equilibrium form as a precursor to the life-table treatment of B. dorsalis done in a later section. We later use the equilibrium to derive critical values of z, z*, and of y, y*, the survivorships of males and females, respectively, after daily attraction to sources baited with ME. Much of the messiness of the equations disappears in the equilibrium formulation; indeed, the whole effect of the preadult components can be reduced to one number: preadult survivorship (here labeled ␥), which measures the proportion of eggs that survive until they emerge as adults. We also need mean daily fertility (), called "mean fertile eggs per ßy-day" by Carey (1989) , and is:
where l x is the survivorship from age x to age x ϩ 1, m x is the fecundity of age class x, and h x is the hatchability of eggs laid by age class x adults. The order of events implicit in the equations for this model is: overnight mortality, morning oviposition, and evening mating. In addition, the order of trapping and mating is important here, as has been demonstrated in the simpler models previously, so the order adopted for the age-class models will be trapping Þrst, and then mating.
The equilibrium values of eggs are found by dropping the time subscript, t; the remaining subscripts denote age. There is no mortality shown in the egg stage, as the only eggs we consider are those that will hatch. The symbols in Table 5 are as follows: ke is the number of days required for egg hatch; kl and kp are the number of days for larval and pupal development, respectively; kv, kf, and km are the life spans for virgin females, mated females, and males, respectively. The subscript T denotes the total for the life stage and ⌺ (kf) denotes the sum from i ϭ 1 to kf of the expression to the right of the summation sign, i.e., F i m i h i , and i is the product m i h i (the fecundity and egg hatchability of adults of age class i). The sum is taken over the kf mated female age classes. The equilibrium for larvae Table 4 
. Age-structured pop equations showing eggs (E), larvae (L), pupae (P), virgin females (V), mated females (F), and males (M)

Preadult stages Egg stages
Larval stages Pupal stages
Adult stages
Virgin females Mated females Males
The variables with subscripts i occur from 1 to their respective upper limits minus one. E i,t is the number of eggs in age class i at time t and the sum for egg age class 1 is taken from 1 to kf; m x is the fecundity of adult age class x, and h x is the hatchability of eggs of age class x. Also, L i,t , P i,t , V i,t , F i,t , and M i,t are the adult numbers in age class i at time t (in days). Parameters ke, kl, kp, kv, kf, and km are the maximum numbers of days occupied by eggs, larvae, pupae, virgin females, mated females, and males, respectively. Parameters q and w are larval and pupal daily survivorship; s is the natural daily survivorship of males and females; and y and z are the survivorships of females and males, respectively, after daily visits to the ME baits/traps. is shown in Table 5 and involves the larval survivorship q i , being the survivorship from stage i to stage i ϩ 1.
We assume a constant temperature so that these parameters do not vary. In addition, ⌸ (kl Ϫ 1) q i is the product from i ϭ 1 to kl Ϫ 1 of the expression to the right of the product sign. The equilibrium for pupae is similarly
The products, ⌸ (kp Ϫ 1) w i , and ⌸ (kl) q i are taken over kp Ϫ 1 pupal age classes and the kl larval age classes. Also, the total preadult survivorship, ␥, is:
The equilibria for total virgin females (V), mated females (F), and males (M) are similarly the sums of their individual age classes up to their maximum values. These equilibria are all in terms of E ke , the last egg stage before hatching, except for the eggs, which are in terms of F T , the total number of mated females. These equations assume that all adult ages are equally attracted to traps/baits; if this is not the case, then the factors y i and z i can be changed to ⌸ y i , or ⌸ z i , the products of the individual age-dependent survivorships in the same formulations as the adult survivorships, s. The evaluation of these equilibria requires considerable knowledge of the effects of age on the various survivorships. Life-table analysis will be useful in providing some of this information, but the preadult survivorships can be replaced by an overall measurement of preadult survivorship (␥), if that is available. In that case, the equilibria are modiÞed, as ␥ ϭ (⌸ (kp) r i ) (⌸ (kl) q i ), and so
s i . In addition, the aforementioned various sums and products can be evaluated when the constants are known. The difÞculty comes in trying to obtain a closed-form expression for y* and z*.
Population Equations. We can formulate the equilibrium population equations as was done in Equation 1, with the equations not shown conforming to the equations shown in Table 4 . The Þrst three equations show recruits and the next three show totals at equilibrium. Also, females do not mate until day kv of their life as adults.
Males in Excess of Receptive Females.
In this case, the sums are taken from j ϭ 0 to kv Ϫ 1, kf Ϫ 1, or km Ϫ 1 in Equation 22, and the products are taken from i ϭ 0 to j, with s 0 ϭ 1.0. These equations can be solved numerically for y* by substitution as follows:
Cancelling the factors F T on either side results in an expression equated to 1.0 that can be solved numerically for y. This expression is:
Life- Table Equivalence . We can relate this to standard life-table symbology by noting that if l x is the survivorship (i.e., proportion still alive) from oviposition to total age x, and if the preadult stages total e days, then the day of emergence of adults is e, and l e ϭ ␥; also, the survivorships of the adult stages are l e ϩ 1 , l e ϩ 2 , l e ϩ 3 , . . . etc. In the symbology used earlier, survivorship of the adult stages are s i for the survivorship from the i th adult age to the i ϩ Þrst adult age. Thus, l e ϩ 1 ϭ ␥ s 1 ϭ s 1 l e , l e ϩ 2 ϭ ␥ s 1 s 2 , ϭ s 2 l e ϩ 1 , l e ϩ 3 ϭ ␥ s 1 s 2 s 3 ϭ s 3 l e ϩ 2 . . . etc., so that ␥ ⌺ (kf Ϫ 1) 
eggs (E), larvae (L), pupae (P), virgin females (V), mated females (F), and males (M)
Eggs:
The notation here is somewhat nonstandard, and ⌺ (kv) (⌸ (kv) s i ) means the sum of the products of adult survivorships from i ϭ 1 to i ϭ kv; i.e.,
, and similarly for the other pop components. E i is the number of eggs in age class i; m x is the fecundity of adult age class x, and h x is the hatchability of eggs of age class x. The parameter
and this can be solved numerically for y once the daily survivorships and other parameters are known.
Males Fewer Than Receptive Females
The solution of these equations can be found numerically when the relevant coefÞcients are known. From Equations 25 and 26 we equate:
Again we can cancel the factors F T on both sides to obtain:
and solve for y and z numerically. By using the equivalence of life-table symbology shown previously, Equation 27 can be written as:
where x goes from 1 to km and kf in the two sums. Equation 28 will be used in the computation of y and z for B. dorsalis later.
Reduction to a Simpler Model
The Equations 23 and 24, as well as 27 and 28, cannot be solved analytically for y and z, so to get an approximation to the critical values of y and z, we can simplify the equations If adults have a constant probability of dying over time (so that s 1 ϭ s 2 ϭ . . . ϭ s i ϭ s), then the survivorship curve will be exponential, or geometric if one tallies survivors by days. In addition, if there is an upper limit to the longevity of adult males and females, then the sum for V T (Table 1) )/(1 Ϫ sz). If there is no upper limit, then the sums corresponding are 1/(1 Ϫ sy) and 1/(1 Ϫ sz). In this case, we get expressions for y and z by constructing the appropriate equations With these simpliÞca-tions, we obtain the equilibrium equations shown in Table 6 for males being in excess of receptive females.
Here the Þrst three equations (Table 6 ; Male Excess) represent equilibrium recruitment and the last three represent equilibrium totals of the three components: V, F, and M. This yields an equation for the critical value of y that would hold the population in check; it appears impossible to solve explicitly, but it can be shown by taking derivatives that the value of y* is a positive function of the age of mating of virgin females, kv, and sample numerical solutions are shown in Fig. 4 . Here, 
Male excess
Parameters: s is the natural daily survivorship of males and females, kv is the number of days for virgin females to be ready to mate after emergence, and y and z are the survivorships of females and males, respectively, after daily visits to the ME baits/traps. Male excess: males are more numerous than receptive females; male deÞcit: males are less numerous than receptive females. Fig. 4 . Isoclines of trapping survivorship of females at ME baits/traps using the simpliÞed age-structured model that will result in control of the population, assuming that a proportion of the females are attracted to such baits/traps and that males outnumber receptive females. In this situation, trapping of males does not contribute to population control. Values of y* are shown for numbers of days delay (1Ð20) in mating of virgin females for four combinations of the parameters a and s. A delay in mating substantially reduces the critical value y* required for eradication. and thus the required critical value of y, y*, increases as kv increases, and that means that fewer females need to be killed by baiting/trapping with ME as the time until female receptivity to mating increases. Note that if kv ϭ 1, so that virgin females can mate on their day of emergence, and if we let a ϭ ␥, then Equation 29 can be rearranged to be identical to Equation 2.
With male deÞcit (Table 6 ), the equations yield critical values of trapping for pairs (y and z) given by:
Variation of z* With Age-Dependence of Fertility and Survivorship. As the simpler model is more tractable than the full model, it is natural to ask to what extent this simpliÞcation affects the resulting critical values of trapping survivorship (y and z) required for control. The major difference between the general model (Equations 21Ð22) and the simpliÞed model (Table 6 ) is the shape of the survivorship curve. If we take the simpliÞed model to be the null model, in which proportional survivorship is constant and independent of age, then we can compare these values with those obtained from survivorship curves in which mortality is an increasing function of age and also curves in which mortality is a decreasing function of age. The function associated with age-independent survivorship is the exponential function e Ϫkx , in which k is a scaling constant and x is age. A suitable function in which mortality is high in the early stages and then decreases with age could be e Ϫku , in which u ϭ x 1/2 and graphing e Ϫku against u. A function in which mortality is low in the early stages and then increases with age could be constructed by using e
Ϫku
, where u ϭ x 3/2 and then scaling appropriately to harmonize the two end points. These three survivorship curves are shown in Fig. 5 for selected values of the parameters.
If fecundity and egg hatchability are constant throughout the life of the adult females, then the mean daily fertility is independent of the shape of the survivorship curve. This is seen from the equation for mean daily fertility: ϭ ⌺l x h x m x /⌺l x . If m x and h x are constant, they can be factored out from under the sum, and ϭ ⌺l
More commonly, fecundity is higher in younger females than in older ones, as seen in the data of Vargas et al. (1984) . In that case, the mean daily fertility does depend on the shape of the survivorship curve. This is shown in Fig. 6 for a hypothetical fecundity curve that is constant between the Þrst day of oviposition and the last day, and zero at all other ages. In Fig. 6 , the fecundity is 10 eggs per day and hatchability is 100%. Figure 6 shows the effects of delayed mating by letting the Þrst day of adult female oviposition vary between day 1 and day 20. The mean daily fertility is relatively insensitive to delayed mating using the top curve of Fig. 5 with mortality greatest later in life (top line in Fig. 6 ), but declines markedly in the other two curves. This decline in fertility would have the effect of rendering such populations easier to control by almost any control method if mating is delayed substantially.
The Use of Demographic Data in ME Baiting/Trapping Programs
From the results given in Equations 23, 27, 29, and 30, we see that the data required for evaluating the critical baiting/trapping survivorships, y* and z*, to eliminate an insect population, are age-speciÞc daily fecundity, hatchability, and adult survivorship, as well as preadult survivorship. Preadult survivorship contains all the mortality that would be accumulated by an insect cohort between oviposition and emergence of adults. We will develop the case for B. dorsalis, as demographic data are available that are of good quality and are suitable for our purpose (Vargas et al. 1984) , and we will assume that the females are monogamous.
In a laboratory study of cohort development of three tephritid species, Vargas et al. (1984) determined that the total preadult mortality of eggs, larvae, and pupae of B. dorsalis was 37% (l e ϭ 0.63). The egg, 6 . The effects of the three survivorship curves shown in Fig. 5 on "mean daily fertility" as a result of a relatively short period of high fecundity and its delay caused by a delay in mating of virgin females. Only with the delayed mortality curve does mean daily fertility not decline much with a delay in mating.
larval, and pupal stages were Ϸ1.6, 7.8, and 10.3 d long, respectively, totaling Ϸ20 d. In addition, the authors gave a survivorship curve from day 1 (oviposition) to about day 126, when only Ϸ1% of the cohort remained. The greatest daily mortality was in the larval stage, followed by senescent adults at about day 115. Fecundity and egg hatchability curves were also given from day 26, when the Þrst oviposition occurred by 6-d-old mated adults, until day 127, by which time oviposition had virtually ceased. We have computed the mean daily fertility (mdf) in which the sum is taken over all ovipositing ages of adults, and l x , m x , and h x are, respectively, the female survivorship to age class x, the fecundity of age class x, and the hatchability of eggs from age-class-x adults; the value obtained for mdf was 8.76. This will be inserted into the factor, , in Equation 23. From the graph presented by Vargas et al. (1984) , the period between adult female emergence and the onset of oviposition is about 6 d.
The data of Vargas et al. (1984) were used to facilitate the computation of Equation 23, which is used to compute the critical value of y, y*, which will form the boundary between success and failure of the MAT program if males outnumber available females. This situation assumes that baiting/trapping of females is efÞcient enough that males are never reduced below the level of available females; thus, z is not present in Equation 23. The factors in Equation 23 were evaluated as follows: ϭ 8.76, kv ϭ 27, kf ϭ 99, e ϭ 20, l e ϭ ␥ ϭ 0.63, and l kv ϭ 0.59; thus after iteratively calculating the value of the left hand side of Equation 23 for a variety of values of y (the trapping survivorship of adult females after trapping females with ME), the value of y that satisÞed the equation was found to be y* ϭ 0.721. If 27.9% (i.e., 100.0 Ð72.1) of females are trapped and killed every day, then the population is maintained at equilibrium. If y Ͻ 0.721, then the population will decline to zero with continued trapping. The value of z* by using these parameters and Equation 27 was computed to be 0.065. These computations were done by iteratively calculating the size of the left hand side for the aforementioned parameter values and for several thousand values of z and noting the value of z that made the left hand side closest to being equal to the right hand side.
Equations 23 and 27 have been evaluated for the parameters obtained from B. dorsalis by using both the observed survivorship curve and also, for comparison, an exponential survivorship curve. In the data of Vargas et al. (1984) , the adult survivorship curve is convex (late mortality) rather than concave, as it would be with constant daily survivorship or high early mortality. The value of mdf by using an exponential survivorship curve was found to be 11.69. The values of z and y by using these survivorship curves are shown in Fig. 7 . A mortality of 27.5% on females every day is sufÞcient to eliminate the population without the aid of capturing males. This is very close to the mortality required by using the observed survivorship curve. However, when most females survive (if y is close to 1.0), the value of z must be very small indeed (a signiÞcant majority of males need to be annihilated).
The value of z* by using the exponential curve was found to be 0.075. The modest discrepancy between the values of z computed from the two different curves shows the relative insensitivity of the required trapping mortalities on the shape of the survivorship curve. Thus, although ME mainly attracts males, a moderate percentage of females attracted is apparently more effective in reducing the population than the much larger percentage of males attracted. However, the model from which this conclusion is drawn assumes that females outnumber males, and this is clearly not likely to be the case if y is small and z is not. These conclusions were drawn from equilibrium conditions, so that if y is small, z could be small also in the nonequilibrium situation and still have the beneÞts of a substantial female kill rate at the baits/traps while still maintaining a male deÞcit and thus depriving some of the females of mates.
The simpliÞed model was also used for computations of y* and z* by using Equations 29 and 30. The simpliÞed model uses an exponential survivorship curve, because adult survivorship is independent of age, and the values of y* and z* were found to be 0.782 and 0.005, respectively. These results are similar for y* but not for z*. There appears to be a bias in the simpliÞed model that may be tolerable for y* but not for z*. The bias would appear to be a result of the fact that the simpliÞed model assumes that there is an inÞnite number of adult age classes rather than a Þnite number as assumed by the full model of Equations 23 and 27. The proportion of the adult population contained in the inÞnite population of Equations 29 and 30 beyond that contained in the Þnite population of Equations 23 and 27 is very small, in the order of Ϸ3%, but that may be sufÞcient to bias the estimate of z*, which is correspondingly small.
The data from Vargas et al. (1984) were obtained from a laboratory study that signiÞcantly underesti- Fig. 7 . The required male trapping survivorship, z, for population elimination calculated using the observed survivorship curve from Bactrocera and the exponential survivorship curve that assumes constant probability of dying throughout adult life. With the exponential curve, the critical survivorship, z, for population elimination is less than with the curve obtained for Bactrocera when female mortality at the traps is substantial.
mates the mortality occurring under natural conditions, and this will also bias the calculation of y* and z*. In addition, whereas under natural conditions, protein sources are very limited, females had unlimited access in the laboratory to quality food, allowing them to maximize their potential fecundity. Furthermore, the start of oviposition in the laboratory-adapted strain was already on day 6, whereas wild B. dorsalis may require 29 d for reaching sexual maturation and 50% accumulated mating (Arakaki et al. 1984 ). If we had used 29 d for the maturation period instead of 6, we would have obtained y* ϭ 0.883, instead of 0.721, with the shorter maturation period, and thus control would be easier with the longer maturation period.
Discussion
Effects of Age Structure
It is apparent that the simple nonage-structured model gives very different predictions of the required values of trapping of females (Equation 2) than does the age-structured model (Equation 23) as applied to B. dorsalis. This is rather surprising, as age structure is implicit in Equation 2 but explicit in Equation 23 and in principle there should be little difference between the two. However, there are several factors that are in fact different between the two models. In the Þrst place, the model in Equation 1 assumes that virgins mate immediately on emergence from puparia. Second, there is no preadult mortality included in Equation 1 and egg hatchability is assumed to be 100%. The survivorship curve is implicitly assumed to be exponential in the simple model and also fecundity is not equal over the age classes in B. dorsalis, whereas it is in the simple model.
Effects of Trapping Males
Our analysis has focused on the factors inßuencing application of the MAT alone with ME as the attractant. Besides requiring an area-wide application to avoid immigration of males and the elimination of nearly all males to achieve success, our modeling results show that the MAT, used as the sole suppression method, does not appear to be an effective method of insect pest control. Indeed, Koyama et al. (1984) noted that numbers of Bactrocera cucurbitae Coquillett males ßies caught in monitoring traps had to be reduced to 1% of that before MAT application before any detectable reduction in fruit infestation was seen. Actually in species where males can mate before responding to male attractants, effective control is impossible. With a very low proportion of males mating before being eliminated at MAT baits, there is some population suppression, but the limits indicated by the models are very severe. In addition, high reproductive rates severely limit the tolerable survivorship of males after baiting/trapping that is compatible with control. In addition, under scenarios of unlimited male mating frequency, control is impossible unless 100% of males are eliminated before mating. However, as these Bactrocera spp. are dusk-maters (Arakaki et al. 1984) , the period of courtship and pair-formation is very short in relation to a very long average copulation time, which lasts most of the darkness period (around 8 h); therefore, only a maximum of one effective mating per male per day is possible.
Normally the operational sex ratio at male aggregations, or leks, is much biased in favor of males, as most virgin females are immature and at any given time, only a few become receptive and available for mating. Thus, a few males not captured can mate with sufÞcient virgin females to maintain a population. In addition, once females mate, most do not respond to males but to fruit odors for oviposition purposes and only some remate later after depleting their sperm. Therefore, a very high level of capture would be necessary to reduce the male numbers to levels that would deprive females of mates. This would indicate that the use of ME for the purpose of routine long-term suppression, as practiced on a nonarea-wide basis by many farmers in Southeast Asia and the PaciÞc, is likely to be ineffective to reduce fruit infestation and possibly even counterproductive if males are selected to evolve an aversion to visiting ME-baits/traps. However, our results and evidence of successful programs support the systematic area-wide application of MAT for the purpose of suppression or the eradication of isolated populations or incipient outbreaks.
Effects of Attraction of Females
A high remating frequency in mated females, competing with virgin females for the restricted number of males, provides some assistance to MAT control, but not much. However, MAT effectiveness is much increased if some females are also attracted and killed at ME baits (the so-called "pseudomale" response of virgin wild females to ME baits/traps when receptive female age increases and male density declines close to zero during MAT campaigns). This is indicated by Figs. 1 and 7 and conÞrms unpublished Þeld observations by Cunningham and McInnis for the oriental fruit ßy, and Þeld cage studies by Bull (2010) for B. tryoni; in C. capitata, a similar female response has been reported to the male lure trimedlure (Nakagawa et al. 1970 , McInnis et al. 1994 . In addition to this phenomenon, when using slow-acting insecticides in MAT baits, males have been shown to transfer lethal doses to virgin females during courtship and mating activities (Bull 2010) .
Males Visiting Baits/Traps Before Mating
These Þndings indicate that MAT application should be effective only against a limited number of pest insect species where the males not only have to respond from signiÞcant distances to a powerful natural lure, but also need to have a high premating response to that lure (Wong et al. 1989 , Shelly et al. 2008 ). These are not common attributes, and this is conÞrmed by the fact that MAT has been used mainly against some pest fruit ßies of the genera Bactrocera and Dacus (Cunningham 1989b) . Males respond and avidly ingest the attractants provided by certain plants, as they appear to provide important precursors to pheromone production that give these males increased mating success, while at least some of the plants producing the parapheromones obtain the beneÞt of pollination (Tan 2000a,b; Tan and Nishida 2012) . Therefore, effective MAT application is largely restricted to these two genera that include a number of tephritid pests, where Ϸ81 Bactrocera and 2 Dacus species respond to ME and Ϸ195 Bactrocera and 55 Dacus species to the parapheromone cuelure (Drew 1974 (Drew , 1989 . However, cuelure is a much less powerful attractant and MAT using this parapheromone is problematic (Matsui et al. 1990) , and has largely been used only for the area-wide suppression of populations in advance of sterile insect technique application (Koyama et al. 2004) .
Even different Bactrocera species and populations differ in their relative response to ME. For example, Wee et al. (2002) report that the response of B. carambolae males to ME was 17-and 9-fold less than those of B. dorsalis and Bactrocera papayae. As a result, such species need much higher ME baiting densities for MAT effectiveness. Whereas for B. dorsalis control a distribution rate of 4 ME Þber blocks per hectare is normally advised, Ͼ18 blocks per hectare were needed to eradicate B. carambolae from an area in Surinam (van SauersÐMü ller 2008). These differences are largely species-speciÞc, although differences among populations could probably be because of the proportion of wild males that Þnd ME sources in nature and are thus not attracted to the ME sources as a result of this previous exposure to ME. In some areas, Ͼ80% of wild males captured have previously fed on ME plants (Tan and Nishida 1998) . This may also depend on whether these are commercial crops/orchards or areas with natural vegetation, where the natural availability and density of these plants determine the proportion of wild males that can feed on ME sources.
In conclusion:
1. Mating before trapping of males severely hinders population control by trapping of males. 2. The ability of males to mate several times each day severely hinders control by MAT. 3. The attraction and killing of both males and females at the traps greatly assists control by MAT. 4. The requirement for females to have a period of maturation after emergence assists MAT if females are trapped, by allowing a period of natural mortality to occur before trapping. 5. Whether females are monogamous or polygamous makes little difference to the effectiveness of MAT.
